Abstract : The purpose of this study is to obtain a soft magnetic film with high saturation flux density Bs and permeability !l and controllable uniaxial anisotropy. Making a multilayer structure using Fe-N for which Bs is close to that of pure Fe and Co-Zr-Nb, a soft magnetic film having Bs-19 kG,Hc:SO.3 Qe Hc and !li~3300 at 1 MHz was obtained. This film retains the soft magnetic properties up to 450C, and the ).l.i at 1 MHz annealed at 250C is greater than 4000. The uniaxial anisotropy field Hk in the range of 4 to 7 Oe can be induced by annealing while retaining the soft magnetic properties.
Introduction
Soft magnetic films with high saturation magnetic tlux density (Bs) and high permeability (J.l) are required to obtain good write/read properties using high coercivity (Hc) longitudinal media. Controlling the magnetic domains using the induced magnetic anisotropy is an important factor in designing a head.
To obtain soft magnetic properties in Fe based systems, it is useful to decrease the grain size in order to reduce the crystal anisotropy of iron. There are some reports about Fe-M -N system soft magnetic films with a fine grain structure obtained by annealing the as-deposited amorphous films [1 ] (2)(31. For reducing the grain size, another method of adding a second element, such as B. N. C, Si or Y, has been reported [4] [5] , however, the soft magnetic properties are not sufficient for practical use.
We tried Fe-N multilayered films separated by Co-Zr-Nb amorphous interlayers. The reasons for using Co-Zr-Nb amorphous films as the interlayers are; (l)retaining the high Bs using ferromagnetic interlayers, (2) depressing the growth of the Fe crystal grains by using amorphous interlayers [6] [7], (3)inducing the magnetic anisotropy in Fe-N layers using interlayers with uni-axial anisotropy.
Experimental
The Fe-N/Co-Zr-Nb multilayered films were deposited by an ion beam sputtering method. A DC magnetic field was applied during the sputtering to induce the uni-axial anisotropy. Fe-N layers were deposited in 8x 1 0-4 Torr N2 atmosphere using accelerated Ar beams. The N 2 pressure which gave die lowest Hc for a single layer Fe-N film was determined. Other conditions for the deposition are shown in Table 1 . The total thickness for the multilayered films was If.lm. The thickness of each Fe-N layer was varied from 200A to 9800 A, and that of each Co-Zr-Nb layer was varied from ISA to 200 A in order to investigate the relationship between each layer thickness and the magnetic properties. A Co-Zr-Nb film was deposited on a Si wafer and then Fe-N was deposited. The number of Co-Zr-Nb layers and that of Fe-N layers was the same. In order to invest the variation of the magnetic properties with annealing. the samples were annealed in the range of 150C to 600t in vacuum for 1 hour.
The Bs values of the films were measured by a vibrating sample magnetometer (YSM) and the Hc and the anisotropy field (Hk) values were measured by a B-H loop tracer. The initial permeability was calculated from the variation of the inductance when the sample was inserted in the measurement coil [8] . The lattice constant and the grain size were determined using an X-ray diffraction method.
Results and discussion
We examined the variation of the magnetic properties due to the Fe-N thickness when the Co-Zr-Nb thickness was fixed at 200 A. Fig.1 shows the correlation between the Fe-N thickness and the Bs values of the multilayered films. The dotted line in the figure shows the values calculated simply from the thickness and the Bs values of Fe-N and Co-Zr-Nb films. The Bs value increases as the Fe-N thickness increases and the simple calculation result agrees with the experimental one. This good agreement implies that the reduction of Bs by diffusion at the interfaces can be neglected in this multilayered film. Fig.2 shows the variation of Hc for the as-deposited multilayered films due to the Fe-N thickness. Uni-axial anisotropy is induced in the films and the easy axis direction is parallel to the applied magnetic field. The Hc :it the measurements, it is better to say there is no correlation between the D and the thickness in this range. Therefore, the differences of the Hc and the ~i among the multilayered films with different Co-Zr-Nb thicknesses are not caused by the grain size. The dOlO) increases with the decrease of the Co-Zr-Nb thickness at less than 100A. This dOlO) increase is caused by the stress due to the mismatch of the lattice constant at the interfaces. Therefore, the films with thinner Co-Zr-Nb interlayers have more interfaces and the ~110) increases more. There is a possibility that the stress causes the dispersion of the anisotropy and the increase of the Hc in the thinner Co-Zr-Nb region. Another possibility of the increase of the Hc is in the growth of columns in the films with thinner Co-Zr-Nb interlayers though each grain is small enough (6]. Fig.7 shows the Hc variation of each multilayered film by annealing. The decrease of Hc was not observed except for the tilms with l5A Co-Zr-Nb interlayers. The reason for the Hc decrea~e by annealing for tilms with l5A Co-ZrNb is that the stress of the film is larger than that of other films and the stress was reduced by annealing.
The variations of the Hc and the Hk by annealing for the multilayered film with 30A Co-Zr-Nb interlayers were investigated up to 600C, and the results are shown in Fig.8 . The Hc does not change up to 450C and increases drastically in the region of 450C or higher. The Hk depends on the annealing temperature. There is a tendency for the Hk to decrease by annealing up to 200C though a DC magnetic field was applied along the magnetic easy axis. In the range of 250C to 400C, the Hk increases up to 7 Oe, in the higher range the Hk decreases again. These results show that it is possible to control the Hk from 4 to 7 Oe by annealing without changing the Hc. Fig.9 shows the dependence of Ili at 1 MHz on the annealing temperature for the multilayered film with 30A thick Co-Zr-Nb interlayers. The values of Bs/Hk calCulated using measured Bs and Hk are shown in the figure by the shaded area. Here, we assumed that the Bs does not change by annealing. The Ili shows about 3300 for an as-deposited film and increases up to 4000 or more for films annealed at less than 250C, and decreases by annealing at more than 250C. Comparing Fig.9 to Fig.8 , the variation of the ~li can be explained up to 450C qualitatively. However, comparing the measured Ili and the calculated Bs/Hk quantitatively, the measured Ili is smaller than the Bs/Hk up to 250C, and in the range of 250C to 450C, both . ; . . with the increase of the annealing temperature, and the stress is considered to be reduced. The reason that the measured ~i is smaller than the Bs/Hk for the samples annealed at less than 250C seems to be in the anisotropy dispersion by the stress_ In the range of 250C to 450C the measured ~i. agrees with the Bs/Hk since the stress is reduced and the anisotropy dispersion can become sufficiently small by annealing. The D increases with the increase of the annealing temperature. The increase of the grain size D contributes to an increase of the effective crystal anisotropy K eff . The increase of theK eff causes the deterioration of the soft magnetic properties_ The contribution of the increase of Keff is larger for the films with smaller Hk [9] . Therefore, the reason of the decrease of ~i for the films annealed at 500C or more is in the increase of Kef!"
The Hc increase of the Co-Zr-Nb interlayers and the diffusion around the interfaces are possible reasons for the reduction of the ~i by annealing at higher temperature. Observing the diffusion by Auger protiles, clear interfaces can be observed for the sample annealed at 250C, but the diffusion between Co and Fe was observed and the multilayer structure had disappeared for the sample annealed at 600C. This diffusion at the interfaces may be another reason for the reduction of ~i.
Conclusion
Making a multilayer structure using Fe-N, for which Bs is close to that of pure Fe and Co-Zr-Nb, a soft magnetic film with Bs-19 kG, HC$ 0.3 Oe and Jli~3300 at 1 MHz was obtained. This film keeps the soft magnetic properties up to 450C, and the ~i at 1 MHz annealed at 250C is greater than 4000. The uni-axial anisotropy Hk can be controlJed in the range of 4 to 7 Oe by annealing while retaining the soft magnetic properties .
